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ABSTRACT: Microwave dielectric ceramics are vital for filters, dielectric
resonators, and dielectric antennas in the SG era. It was found that the
(Cu,/3Nb,,3)*" substitution can effectively adjust the TCF (temperature
coefficient of resonant frequency) of Li,TiO; and simultaneously increase
its Q X f (Q and f denote the quality factor and the resonant frequency,
respectively) value. Notably, excellent microwave dielectric properties (&,
(permittivity) ~ 18.3, Q X f ~ 77,840 GHz, and TCF ~ +9.8 ppm/°C)
were achieved in the Li,Tijs(Cuy/3Nb,/3)0,0; (LTCN,) ceramic
sintered at 1140 °C. Additionally, the sintering temperature of LTCNj,
was reduced to 860 °C by the addition of 3 wt % H;BOj;, exhibiting
superior microwave dielectric properties (¢, & 21.0, Q X f & 51,940 GHz,

and TCF ~ 1.4 ppm/°C) and being chemically compatible with silver. Moreover, LTCN,, + 3 wt % H;BO; ceramics were designed
as a patch antenna and a dielectric resonator antenna, both of which showed high simulated radiation efficiencies (88.4 and 93%)
and gains (4.1 and 4.03 dBi) at the center frequencies (2.49 and 10.19 GHz). The LTCNy, + 3 wt % H;BO; materials have
promising future application for either SG mobile communication devices and/or in low-temperature co-fired ceramic technology
owing to their high Q, low sintering temperature, small density, and good temperature stability.

KEYWORDS: microwave dielectric ceramics, temperature stabilities, antennas, phase transition, low-temperature sintering

1. INTRODUCTION

In modern wireless communication, an important application
field of microwave dielectric ceramic components is the mobile
communication base station, while dielectric resonators,
dielectric filters, duplexers, and multiplexers are the key
components of communication base station RF units. 5G
base stations will introduce communication technologies such
as AAU (active antenna unit) RF unit integration and massive
MIMO large-scale antenna arrays, prompting miniaturization
and lightweight to become fundamental design requirements
for communication base stations.' > Therefore, high-perform-
ance microwave dielectric ceramics with low density have
shown significant development potential in the SG era due to
the demand for lightweight.

The materials with a rock-salt-type structure are well known
to the researchers.”” Notably, among them, Li,TiO; has
attracted a considerable amount of attention due to its small
density (~3.1 g/cm®, which is lower than that of the
commercial K20 microwave dielectric material:
0.95MgTi0;—0.05CaTiO; ~ 3.7 g/cm>.®), good perform-
ances, relatively low sintering temperature (~1230 °C), low
cost, and abundant source features,”° making it one of the
most promising material candidates for SG communication
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equipment. However, it still faces problems, such as a not high
enough Q X f value (~23,600 GHz) and the large TCF
(~+38.5 ppm/°C). It is known that the Q value and TCF are
two crucial parameters for microwave dielectric ceramics. A
higher Q value can achieve a better filtering function, and a
near-zero TCF (temperature coeflicient of resonant frequency)
can achieve high reliability and stability of the microwave
equipment. Hence, it is highly desirable to develop novel
Li, TiO3-based microwave dielectric materials that possess both
a high Q value and a near-zero TCF. For many titanate-based
materials, oxygen vacancies are generated owing to the
volatilization of oxygen during the sintering process in the
air atmosphere. These positively charged oxygen vacancies can
adsorb free electrons, causing Ti*" to be reduced to Ti**. These
Ti** ions are stable at room temperature, which is a cause of
high dielectric loss.'”'* It is noteworthy that Tian et al.'>'*
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Figure 1. (a) XRD patterns of the LTCN,, (0 < x < 0.4) specimens sintered at their optimum temperatures. (b) Schematic of two crystal structures
in the LTCN, (0 < x < 0.4) system. (c) Variation of unit cell volume per oxygen (V) and f angle with the x value. (d—h) Experimental and
calculated XRD for LTCN, (0 < x < 0.4) specimens sintered at optimum temperatures.

reported that by introducing a high-valence ion at the B site of
BaTiO; to form a complex ion with an average valence of +4,
the oxygen vacancy content generated by electrostatic
compensation would be greatly reduced, thereby reducing
dielectric loss and improving the Q value of microwave
dielectric ceramics. Moreover, this substitution method can
also serve a role in regulating the TCF, which has an
enlightening significance for our research. Based on afore-
mentioned considerations, CuO as an acceptor dopant was first
introduced to the Li,TiO; ceramic in the present work. An
adequate amount of CuO was also reported to be beneficial in
reducing the sintering temperature.">~"” In order to maintain
the charge balance, Nb** was introduced to form
(Cu,/3Nb,,5)*" for replacing Ti**. Furthermore, the similar
ionic radius between (Cu,,;Nb,,;)* (0.67 A) and Ti*" (0.605
A)"® would make the substitution process theoretically feasible.

In this paper, Li,Ti;_,(Cu,,3Nb,/3),05 (LTCN,) (0 < x <
0.4) specimens were fabricated by a conventional solid-state
reaction. The effect of (Cu;3Nb,/;)*" substitution on the
structure and performance of the Li,TiO; ceramic has been
studied in detail. Furthermore, to meet the application
demands of integration, reducing the sintering temperature is
also actively explored to adapt to low-temperature co-fired
ceramic (LTCC) technology. LTCC is usually achieved by
following three approaches: (i) chemical processing, (ii) novel
low-temperature sintered materials, and (jii) adding a sintering
agent. Among them, the last method is generally considered to
be an effective, low-cost, and versatile method capable of
reducing the sintering temperatures of ceramics.'” It is worth
mentioning that H;BO; is a common and effective sintering
aid with a low melting point.”~>* Thus, it seems reasonable to
believe that adding a H;BO; additive can also effectively bring

about a decrease in the sintering temperature of the LTCN,
system. Effects of the H;BO; content on crystalline structures,
microstructures, densities, and microwave dielectric properties
of the LTCN,, ceramic (optimal performing sample) are
investigated in this work. Meanwhile, the chemical compati-
bility of a H;BO;-doped LTCN,, ceramic with silver was also
studied. Moreover, the H;BO;-doped LTCN,, ceramic was
designed as a patch antenna and a dielectric resonator antenna
using CST Microwave Studio software.

2. EXPERIMENTAL SECTION

Appropriate proportions of reagent-grade raw materials of Li,CO;
(99.99%), Nb,Os (99.5%), TiO, (99.84%), and CuO (99%) were
weighed based on the stoichiometric formulation LTCN, (0 < x <
0.4). These stoichiometric powders were ball milled using ZrO, beads
with ethyl alcohol for 4 h. After drying, the homogeneous mixtures
were calcined at 900 °C in air for 2 h. The resultant products were
remilled for 4 h; after being dried and ground, the resultant products
were mixed with PVA and then uniaxially compacted into cylinders
with a height of approximately 4—5 mm. Specimens were sintered 2 h
between 1080 and 1210 °C. In addition, to reduce the sintering
temperature of LTCN,, the calcined powders were re-milled with
various amounts of H;BOj; in ethanol for 4 h. After being dried and
sieved, the resultant products were mixed with PVA and then
uniaxially compacted into cylinders with a height of approximately 4—
S mm. The H;BO;-doped LTCN,, specimens were sintered at 840—
1070 °C for 2 h.

The crystal structures were analyzed by an X-ray diffractometer
(Rigaku D/MAX-2400). The XRD patterns were collected with a step
size of 0.02° over the scan range of 10—100°. The microstructural
observations were examined using transmission electron microscopy
(JEM-2100) and scanning electron microscopy (Quanta F250). The
mean grain sizes were calculated from each SEM image of specimens
using Nano Measurer software. The far-IR spectra were collected on
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an infrared beamline at the Hefei National Synchrotron Radiation
Laboratory. The Raman spectra were characterized from a Renishaw
inVia Raman spectrometer. A microwave network analyzer
(HP8720ES, Agilent) was used to characterize the microwave
dielectric properties of ceramics and return loss (S;;) of the prototype
antenna. The TCEF test of 25—85 °C was conducted in a Delta 9023
temperature chamber, and the TCF test of —40 to +120 °C was
conducted in a BPHJ-120C temperature chamber. The calculation of
TCEF is expressed by eq 1.

h—hy x 10°

e 0

where T, denotes the onset temperature, T denotes the endset
temperature, f1, denotes resonance frequency at T, and f denotes

resonance frequency at T.

3. RESULT AND DISCUSSION

Figure 1a displays the XRD patterns for LTCN,, (0 < x < 0.4)
samples sintered at their optimum temperatures. The
diffraction peaks of x < 0.2 samples have been identified as
the monoclinic Li, TiOj; structure with C2/c symmetry (JCPDS
#33-0831). Furthermore, the intensity of the diffraction peaks
(1 33) and (206) increased with increasing x, while the
intensity of the superlattice diffraction peak (002) gradually
decreases and ultimately disappears at x = 0.3, suggesting that
there is a phase transition from an ordered monoclinic to a
disordered cubic phase. (The schematics of the crystal
structure are displayed in Figure 1b). As a consequence, a
continuous solid solution with a rock-salt-type structure is
formed in the LTCN, (0 < x < 0.4) system, which is similar to
the other reports.””>~*’ To get a clear understanding of the
correlation between the lattice parameters and the x value of
LTCN, ceramics, refinements were carried out by GSAS
software”® based on the XRD patterns, which were collected
from LTCN, (0 < x < 0.4) ceramic powders. Monoclinic (C2/
¢) and cubic (Fm 3 m) Li,TiO; were taken as starting models
of LTCN, (0 £ x £ 0.2) and LTCN, (0.3 < x < 0.4) for
Rietveld refinement, respectively.””*’ The observed and
calculated XRD patterns are displayed in Figure 1d—h.
Furthermore, the refined lattice parameters are compiled in
Table S1 (Supporting Information). The variation in unit cell
volume per oxygen (V) with x is presented in Figure lc, from
which it could be concluded that the unit cell volume per
oxygen is found to be increased with increasing x. This may be
due to the fact that the ion radius of (Cu,3Nb,/3)*" (~0.67 A)
is larger than that of Ti*" (~0.605 A)."® A similar phenomenon
can be observed in the work reported by Chen et al.”’

To extensively study the phase transformation, we have
examined the SAED patterns and HRTEM imaging for LTCN,
(0.1 < x < 0.4) ceramics. As displayed in Figure 2, the SAED
patterns from the two compositions with the lower
(Cuy/3Nby/5)* amounts (0.1 < x < 0.2) could be well
indexed based on the monoclinic structural phase, while the
SAED patterns viewed along [001] for LTCN,; and LTCN,,
could be analyzed based on the fcc rock-salt structural phase.
Consistent with the results obtained from XRD, a phase
transition from monoclinic to cubic could be observed from
LTCNy, to LTCN3. Furthermore, extra superlattice reflec-
tions seen for x < 0.2 indicate an ordered structure, whereas
the diffuse scattering observed for x > 0.3 suggests a
disordered structure, suggesting that an order—disorder
phase transition also occurred around x = 0.3 for this system.
Figure 2b,d,f,h shows the HRTEM images recorded along the

Figure 2. (a—h) SAED and HRTEM images of LTCN, (0.1 < x <
0.4) specimens taken along the [0 13], [10 1], and [001] zone axes at
room temperature, respectively. The structural models of the rock-salt
unit cell were superimposed on the corresponding HRTEM
micrographs.

corresponding zone axis as the SAED patterns. The crystal
plane spacing in the SAED patterns is consistent with that in
the HRTEM images, and it also agrees well with the crystal
plane spacing calculated from the refined lattice parameters of
LTCN, (0.1 < x < 0.4) samples. Moreover, structural models
of the rock-salt unit cell are superimposed on the
corresponding HRTEM micrographs. Raman spectroscopy is
typically regarded as an efficient technique to identify the
phase and short-range characteristics of the crystal materials.”'
The Raman spectrum of LTCN,, (0 < x £ 0.4) ceramics are
displayed in Figure S1 (Supporting Information). The Raman
spectra of LTCN,, (0 < x < 0.2) specimens exhibit the similar
spectral profiles to those of pure monoclinic Li,TiO; owing to
the forming of continuous solid solutions. In addition, as the x
value increases, the bands less than 700 cm™* show a certain
degree of broadening, especially when x > 0.3. This is due to
the reduction of the cation ordering degree, which further
confirms that the LTCN,, (0 < x < 0.4) system has an order—
disorder phase transition. This also agrees well with XRD
results. A new Raman peak at 806 cm™' being in agreement
with the symmetric vibration of the [NbO4] octahedron is
observed in LTCN, (0.1 < x < 0.4), which may be associated
with the existence of a short-range order in the doped
composi'cions.26'32’33 In addition, the SEM images (Figure S2,
Supporting Information) indicate that all the LTCN,, (0.1 < «
< 0.4) ceramics possess a micro-morphology with some pores,
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Figure 3. Variation in microwave dielectric properties (a) ¢, (b) Q X f, and (c) TCF with the x value for the LTCN, (0 < x < 0.4) specimens
sintered at optimum temperatures. (d) Experimental and fitted infrared reflectance spectra and fitted (e) real and (f) imaginary parts of the
complex dielectric constant of the LTCN,, ceramic (blue circles represent experimental at microwave frequency).

resulting in a low relative density, possibly because of the
evaporation of Li during sintering.

The variation in €, Q X f, and TCF with the x value for the
LTCN, (0 < x < 0.4) specimens are displayed in Figure 3. It is
observed that the &, decreased from 21.5 to 16.6 with the
increase in x. Generally, it is considered that the permittivity of
ceramics is affected by the ion polarizability of cations in the
microwave frequency range. The ionic polarizabilities of
various cations have been reported by Shannon.’* It is
supposed that an increase in the permittivity will be induced
by the (Cu,,3Nb,,;)*" substitution for Ti** because the ionic
polarizability of the (Cu;/3Nby/3)* ion (@yerage = 3.35 A%, ac,
=2.11 A% and ay, = 3.97 A?) is larger than that of Ti*" (2.93
A3).** However, the €, of LTCN, is decreased in the range of x
= 0—0.4. Thus, the variation in the permittivity of LTCN, is
thought to depend significantly on its crystalline structure. As
known from the periodic table of electronegativity (symbolized
by X) using the Pauling scale, Xr; = 1.54, X, = 1.9, Xy, = 1.59,
and Xy = 3.44. Therefore, the electronegativity difference
between Ti and O is AX(g_t) = 1.9; the electronegativity
difference between Cu and O is AXo_c, = 1.54; the
electronegativity difference between Nb and O is AX(o_np) =
1.85. The results show that both AX(o_c,) and AX(o_np) are
smaller than AX(o_r;). The smaller the difference in electro-
negativity between the two elements is, the stronger the
covalency. Therefore, the covalency will increase after the
(Cu,3Nb, ;)*" substitution for Ti*". Several previous studies
have revealed that the increased covalency of the M—O bond
in the [MOg] octahedron by the ion substitution would lower
the €, of ceramics,>>>® for example, the Ta substitution for Nb
in the [NbOy] octahedron of Mg,(Nb,_ Ta,)O, ceramics,”
the Sb substitution for Nb in the [NbO4] octahedron of
Mg,(Nb,_,Sb,)Oy ceramics,”® and the (Zn,/;Nb,,;)*" sub-
stitution for Ti in the [TiO4] octahedron of
Ba;Tiy_(Zn;/3Nb, 3) . Nb,O,; ceramics.”’ Hence, the dielec-
tric constant of LTCN,, (0 < x < 0.4) ceramics decreased with
an increase in x, which might be mainly ascribed to the fact
that the covalency of the Ti—O bond is weaker than that of
Cu—O and Nb—O bonds in an oxygen octahedron. As
illustrated in Figure 3b, the Q X f was significantly increased by
the minor substitution of (Cu,/;;Nb,;;)*" for Ti**' in
comparison to that of pure Li;TiO;, which was similar to
many previously reported ceramic systems such as
Li,Ti;_,(Al;,Nb, ;). 05, Li,Ti;_,(Zn;;3Nb,,3),05,
Li,TiO;_MgO, and so on.”**?***3* The dramatic increase
in Q X fis potentially owed to the decrease in oxygen vacancy

content. Since a high-valence ion (Nb°*) is introduced into the
B site of Li,TiO; to form a complex ion with an average
valence of +4, the oxygen vacancy content generated by
electrostatic compensation would be greatly reduced, thereby
reducing dielectric loss and improving the Q X f value of
microwave dielectric materials. However, according to the
results of XRD and TEM, an order—disorder phase transition
occurs as x increases. Hence, the decrease in Q X f with further
increasing (Cu,,5Nb,/3)*" substitution could be attributed to
the reduction of the ordering degree. As displayed in Figure 3c,
the TCF value (measured from 25 to 85 °C) decreased from
+34.3 to —28.8 ppm/°C with increased doping. The TCF
values of perovskites were generally adjusted by changing the
oxygen octahedral tilt angle. However, this seemed not to work
in Li,TiO5 with a typical rock-salt crystal structure due to the
fact that its oxygen octahedra were interconnected by edge
sharing. Additionally, the TCF is known to be defined as
follows:

1
TCF = —((XI + ZTE) (2)

where o and 7, denote the thermal expansion coefficient and
temperature coeflicient of permittivity, respectively. The sign
and magnitude of the TCF are known to be primarily
determined by the 7, factor because the magnitude of a is
usually constant and inconsequential in comparison to that of
7T, in ceramics. Based on the macroscopic Clausius—Mossotti
relationship, the 7, under the constant pressure conditions
could be derived as follows:*”

_1f0e) _ (e-1)(e+2)
T, = S(aT)p_—g (A+B+C)

=(8—£+1)(A+B+C)

£ 3)
0
AZ_L(O_V)’BZL(&) _L(G_V),C:L
svior ), a,\ ov ) 3vieT), 3a,,
(Oam]
aT )y (4)

where @, and V denote the dielectric polarizability and
volume, respectively. It is considered that the terms of A and B,
which are associated with volume expansion, have a close
magnitude but with opposite signs, thereby the impact of terms
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Figure 4. (a) XRD pattern of LTCN, + y wt % H;BO; (0 < y < 3) specimens sintered at the optimum temperature. (b—e) SEM micrographs of
LTCNy, + y wt % H;BO; (0 < y < 3) specimens. (f) Variation in mean grain size and density with y value for the LTCN,, + y wt % H;BO; (0 <y

< 3) specimens sintered at optimum temperatures.

A and B on 7, is usually neglected.”” Hence, the term C plays a
dominating role in this system. Lee et al.*’ considered that the
term C denotes the restoring force exerted on the ions and
restoring force determined by the shape of the potential well,
hence term C was related to structure and lattice parameters.
Due to the fact that the unit cell volume has a robust
association with lattice energy, 7, is proportional to the relative
magnitude of the unit cell volume. Yoon et al. validated the
presence of such a proportional relationship in the divalent
metal tungstate.*" The TCF and 7, are generally considered to
have opposite signs, so it can be deduced that the TCF is
inversely associated with the unit cell volume. As displayed in
Figure 1c, the unit cell volume per oxygen (V) of LTCN,, (0 <
x < 0.4) specimens is positively related with x. Therefore, the
TCF value would have a decrease with the increasing .
Notably, the TCF of Li,TiO; could be successfully adjusted to
around zero at x = 0.2, suggesting that the substitution of
(Cuy/3Nb,,5)* at the B site of Li,TiO; is a highly effective
strategy for achieving temperature-stable microwave dielectric
materials. Excellent performances could be achieved in the
LTCN,, specimen sintered at 1140 °C, with a €, of ~18.3,a Q
X f of ~77,840 GHz, and a TCF of ~+9.8 ppm/°C.

The infrared reflectance spectrum analysis was conducted
based on the classical harmonic oscillator model (see eq S
below) to further study the intrinsic microwave dielectric
properties of the LTCN,, ceramic.

! (ze) /mVigg

e*(w) = e(o0) + Z

le]—w —]ya)

e(c0) + ZL

- = e (s)

For a detailed description of these terms, it can be seen in the
previous literature."”
reflectivity R(w) and permittivity could be expressed as

The correlation between the complex

1 - Je¥(w)
R(o) = [— =2
(@ 1+ e (w) (6)

Based on a good fitting, at a microwave frequency band (@ <
@,), thus, real and imaginary parts of permittivity could be
readily obtained according to eq 7:

e'(w) = e(o0) + 2 = ¢e(o0) + z Og;

j=1 s, j=1 (7)

(8)

As displayed in Figure 3d, the room-temperature infrared
reflection spectrum could be suitably fitted by using 12 Lorentz
modes as tabulated in Table S2 (Supporting Information).
Figure 3e,f presents the fitted complex dielectric spectrum, and
the dielectric constant of the LTCN,, ceramic was calculated
to be 18.20. Furthermore, as seen in Figure 3e(f, the
experimental values tested using the TE; approach were
remarkably close to the calculated permittivity and dielectric
loss, implying that in the microwave frequency band, the
dielectric polarization was caused primarily by phonon
absorption in the infrared range.

LTCC has emerged as a critical technology for the demand
of miniaturization, lightweight, and high integration of
electronic devices, whereas the low-temperature co-fired
ceramic materials are the most critical and fundamental issues
for this technology. Hence, in order to be able to be co-fired
with Ag for application to LTCC, how to lower the sintering
temperature of the temperature-stable LTCN,, ceramic to
approximately 900 °C still requires further investigation.
Generally, the engineering of additive is known to be a highly
feasible and inexpensive approach to lower the sintering
temperatures of ceramics.'” Therefore, we investigated the
impact of adding an H3;BO; additive on the sintering
temperature of the LTCN,, ceramic. The influence of
sintering aids on the crystal structure was investigated in
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Figure S. Variation in microwave dielectric properties (a) &, (b) Q X f, and (c) TCF with the y value for the LTCN, + y wt % H;BO; (0 <y < 3)
samples sintered at optimum temperatures. (d) Experimental and fitted infrared reflectance spectrum and the fitted (e) real and (f) imaginary parts
of the complex dielectric constant of the LTCN, + 3 wt % H3;BO; ceramic (squares and circles represent experimental results in the microwave
frequency band). (g) €, (h) Q X f, and (i) resonant frequencies of the LTCN,, + 3 wt % H;BO; ceramic with the changing of temperature.

detail. Figure 4a presents the XRD pattern of LTCN,, + y wt
% H;BO; (0 < y < 3) specimens sintered at the optimal
temperature. All the compounds showed a single LTCN,,
phase, and no secondary phases are observed. This suggested
that the liquid phase of B,Oj; is not crystallized in LTCN,,
ceramics and exists in an amorphous state after sintering. A
similar phenomenon was also observed in relevant stud-
es.”*>*" Additionally, the sintering temperature of LTCN,, +
y wt % H;BO; ceramics was progressively lowered with
increased doping, and the sintering temperature can be
lowered to 860 °C when y = 3. The SEM micrographs of
the LTCN,, + y wt % H3;BO; (0 < y < 3) specimens sintered
at the optimum temperature are displayed in Figure 4b—e. It
was observed that the grain size showed a declining trend with
the increasing amount of H;BO;. The average grain size of
LTCN,, + y wt % H3BO; (0 < y < 3) ceramics decreased
from 7.6 to 1.1 ym as demonstrated in Figure 4f, indicating
that the H3;BO; significantly affects the growth behavior of
grains. Due to the presence of the liquid phase reducing the
driving force of the interface movement, the sintering additives
facilitate the densification of ceramics but suppress the grain
growth. Hence, the average crystallite sizes of H;BO;-doped
samples were comparably smaller than those in the undoped
LTCN,, ceramic. A similar phenomenon was also observed in
other studies.””~** As displayed in Figure 4f, the bulk density
of LTCN,, + y wt % Hy;BO; (0 < y < 3) ceramics increased
from 3.29 (relative density ~ 91.4%) to 3.44 g/cm’ (relative
density ~ 95.6%). In addition, it is clear that a small amount of
pores exist in the microstructure of samples with y < 1, while
the samples with y > 2 exhibit a compact microstructure and
almost no obvious pores. Based on the previous reports, the
most rational explanation for the decrease in densification
temperature is that the sintering procedure was assisted by
liquid-phase transport across the grain boundaries.”” ™' The
liquid phases of B,O; contribute to the recrystallization and
rearrangement of grain, leading the gases to readily diffuse
away from the LTCN,, ceramic, therefore forming a denser
microstructure. All these results show that adding H;BO; was a
highly effective approach to improve the sintering capability of
the LTCN,, ceramic.

The variation in €, Q X f, and TCF with y for the LTCN,, +
y wt % H3;BO; (0 < y < 3) specimens are displayed in Figure

Sa—c. The ¢, increased with increasing y and then reached a
saturation value. The change of the &, value is primarily caused
by the similar variation in density (Figure 4f). The greater the
density of the ceramic body is, the more the number of dipoles
per unit volume so the easier the ceramic can be polarized,
which implies that the ceramic would have a higher ¢,
value."”® According to Figure Sb, the Q X f tended to
decrease with the increment of H;BO; content. On one hand,
the decrease in the Q X fvalues for LTCN,, + y wt % H;BO;
(0 <y < 3) ceramics was probably associated to the grain sizes
as well as the grain shapes because the H;BO; additive was
effective in decreasing the grain sizes while simultaneously
increasing the number of grain boundaries. However, the grain
boundaries were perceived as a kind of surface defect in
ceramics, which would bring much dielectric losses at the
microwave regime. On the other hand, B,O; should exist in the
sintered products of LTCN,, + y wt % H3;BOj;. Since the Q X f
value of B,Oj; is quite low,”” the decreasing Q X f value of
LTCNy, + y wt % H3;BO; ceramics with y should be partially
attributed to B,O;. As shown in Figure Sc, the TCF values
(measured from 25 to 85 °C) of the samples decreased from
+9.8 to +1.4 ppm/°C as the y values increased. Although the
mechanism of the changes in TCF is not yet entirely clear at
present, it seems reasonable to believe that the liquid phase of
B,0; is the cause of the changes of TCF. Similar phenomena
have been reported in some other material systems after the
addition of sintering aids.””******* Notably, the 3 wt %
H;BO;-doped LTCN,, ceramic sintered at 860 °C (which was
280 °C lower than that of undoped LTCN,,) exhibited a
dense microstructure and superior performances of ¢, = 21.0,
Q X f ~ 51,940 GHz, and TCF = +1.4 ppm/°C (25-85 °C).

To examine the intrinsic microwave dielectric properties of
the LTCN,, + 3 wt % H;BO; ceramic further, the infrared
reflectance spectrum analysis was conducted according to the
classical harmonic oscillator model (see discussion above for
the relative equations, eqs S—8). As displayed in Figure Sd, the
room temperature infrared reflection spectrum could be
successfully fitted using 12 Lorentz modes as tabulated in
Table S3 (Supporting Information). Figure Sef shows the
fitted complex dielectric spectrum. The fitted complex
microwave permittivity using eqs 7 and 8) are ~20.1 and
0.0044, close to the experimental data, implying that in the
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Figure 6. (a) XRD, (b) backscattered electron image, and (f—k) energy dispersive X-ray spectroscopy elemental mapping results of the LTCN,, +
3 wt % H;BO; ceramic co-fired with 20 wt % Ag powders at 860 °C. (c) Cross-sectional backscattered electron image and (d, e) EDS analysis of
the silver paste coating on LTCN, + 3 wt % H3;BOj; after co-firing at 860 °C for 2 h.

microwave frequency range, the dielectric polarization was
induced primarily by phonon absorption in the infrared range.

Additionally, the communication rate has become faster with
the advent of the 5G era, but meanwhile, the corresponding
equipment is also facing some new problems. For example, the
power consumption will increase obviously when the rate is
increased, whereas a direct problem has brought to equipment
components is that of the temperature will increase. Therefore,
it puts forward a higher requirement for temperature stability
of microwave dielectric ceramics. This means that the TCF (a
crucial parameter to assess the temperature stability of
microwave devices) needs to maintain a near-zero value over
a wider temperature range. Currently, most studies involving
TCF values have focused on the measured temperature range
from 25 to 85 °C.”****~>” While in practical applications, the
working temperature specifications of microwave devices such
as ceramic dielectric filters are in the range of —40 to +85 °C,
prompting us to explore the TCF over a wider range of
temperatures. In view of this, the TCF of the LTCN,, + 3 wt
% H3;BO; ceramic over an ultra-wide temperature range from
—40 to +120 °C was investigated. As displayed in Figure Si, the
resonant frequency of the LTCN,, + 3 wt % H3;BO; ceramic
initially increased and then remained relatively stable with
increasing temperature. The result indicated that this ceramic
has two different TCF values over the ultra-wide temperature
range (—40 to +120 °C). It was calculated that the two TCF
values at —40 to +60 °C and +60 to +120 °C were attributed
to +6.4 and + 0.7 ppm/°C, respectively. Thus, it was obvious
that the two TCF remain close to zero over an ultra-wide
temperature range from —40 to +120 °C, showing an excellent
temperature stability. As shown in Figure 5g, the permittivity
of the LTCN,, + 3 wt % H3;BO; ceramic remained relatively
stable over the ultra-wide temperature range. In addition, the Q
X fvalue exhibited a slightly declining trend as the temperature
increases (Figure Sh). It shows that the dielectric properties
also maintained relatively good stability in an ultra-wide
temperature range. All these results indicate that this ceramic
material has encouraging potential and holds great promise for
future development as microwave equipment.

The sintering temperature (860 °C) of LTCNy, + 3 wt %
H;BO; is significantly below the melting point of Ag. Although
the low sintering temperature is necessary for LTCC, it is not
sufficient because the chemical compatibility between the
ceramic and Ag also plays an important role in LTCC
applications. Thus, a further study to explore this compatibility
is warranted. To verify if the silver reacts with the ceramic or
not, mixtures of LTCN, + 3 wt % H;BO; powders with 20 wt
% Ag powders were co-fired at 860 °C and analyzed to detect
chemical compatibility between them. XRD analysis confirmed
that no new crystalline phases were formed after co-firing, as
presented in Figure 6a. Moreover, two types of grains with
different colors could be easily visible in the backscattered
electron image (Figure 6b), which is more intuitive than XRD.
According to the energy dispersive X-ray spectroscopy (EDS)
elemental mapping results (Figure 6f—k), the dark- and light-
colored grains indicate the phase of LTCNj, and silver,
respectively. Additionally, an alternative approach is to coat the
silver paste on the unsintered LTCN,, + 3 wt % H3;BO,
sample and then co-fire at 860 °C for 2 h. Consequently, the
chemical compatibility could also be judged by observing from
the interface between Ag and the ceramic in the cross-sectional
backscattered electron (BSE) image. The cross-sectional BSE
image and the corresponding EDX analysis of the co-fired
ceramic with Ag paste coating on LTCN,, + 3 wt % H;BO;
are displayed in Figure 6¢c—e. Obviously, the interface of Ag
and the LTCN,, + 3 wt % H;BOj; ceramic after co-firing at
860 °C is clearly visible, revealing that no diffusion phenomena
occur at the interface. In short, the LTCN,, ceramic added by
the 3 wt % H3;BO; can be well matched with silver. Overall, as
a microwave dielectric material, the LTCN,, + 3 wt % H;BO,
ceramic has superior performance, low sintering temperature,
and good compatibility with Ag, and these characters enable
them to be promising candidates for LTCC.

In recent decades, circularly polarized (CP) patch antennas
have emerged as a matter of special interest to antenna
designers because of their low profile, easy fabrication, and
extensive use in wireless communication systems such as the
global navigation satellite system (GNSS).°”®" Furthermore,
circular polarization is the most frequently applied in the
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Figure 7. Geometry of the proposed antenna: (a) top view and (b) bottom view. Photograph of the fabricated antenna: (c) top view and (d)
bottom view. (e) Simulated and experimental S;; of the proposed antenna. Simulated 3D radiation pattern of (f) co-polarized and (g) cross-
polarized for the proposed antenna at 2.49 GHz. (h) Simulated antenna radiation efficiencies and gains of the proposed antenna as a function of

frequency. Simulated radiation patterns of (i) E and (j) H planes.

GNSS with the performance of decreasing polarization
mismatch and enhancing system sensitivity.”> As an important
member of the GNSS, the BeiDou Navigation Satellite System
(BDS) was already available for the Asia-Pacific region to offer
positioning and timing services.”> Therefore, we specifically
choose LTCNy, + 3 wt % H;BO; for the dielectric substrate to
design a CP patch antenna for BeiDou applications. The
geometry of the proposed antenna is displayed in Figure 7a,b.
The designed antenna is fed by a microstrip transmission line
along a non-radiating edge. In addition, to realize circularly
polarized radiation from a rectangular microstrip antenna with
a single driving point, we removed a pair of corners from the
microstrip antenna to create the orthogonal modes. The
proposed antenna configuration is numerically studied and
optimized with the CST Microwave Studio. The optimum
parameters of the proposed antenna are listed in Table S4
(Supporting Information). A prototype of the proposed
antenna was manufactured according to the optimal simu-
lation, and the photographs are shown in Figure 7c¢,d. The
simulated and experimental S, of the proposed antenna with
various frequencies are displayed in Figure 7e. The simulated
S,; result showed the antenna centers at 2.49 GHz with an
impedance bandwidth of 78 MHz, which can cover the
operating frequency of the BDS in China with a working band
of 2491.75 + 15 MHz.°" It is observed that the measured S,
result shifted toward the higher frequency (center at 2.60
GHz) while maintaining similar responses. The minor
difference between measurements and simulations could be

owed to the fabrication tolerance (the antenna is totally made
by hand), and the dielectric constant of the substrates may not
be entirely uniform.”>"%" The simulated radiation patterns of
the proposed antenna at 2.49 GHz are displayed in Figure
7f,gij. Both the E and H planes for right-hand circular
polarization (RHCP) at 2.49 GHz were nearly omnidirectional
radiation patterns. Furthermore, the co-polarized fields were
stronger than that of the cross-polarized ones by more than 20
dB in the boresight direction (6 = 0°). Figure 7h shows the
simulated radiation efficiencies and gains of the proposed
antenna. As can be seen, the radiation efficiencies are higher
than 77.6% in the bandwidth (88.4% at the center frequency),
and the gain is around 4.1 dBi at the center frequency. The
results indicate that the proposed antenna may find important
applications in the BDS.

The dielectric resonator antennas (DRAs) have already been
widely investigated over the last several decades because of
their appealing characteristics such as easy excitation, low cost,
and relatively wide bandwidth.®”® The LTCN,, + 3 wt %
H;BO; ceramics possess superior microwave properties with
high Q and high temperature stability. To validate the
performance of the fabricated materials, a DRA was designed
and manufactured. Figure 8a,b shows different views of the
prototype of the proposed DRA along with its dimensions in
millimeter. The microwave substrate was made of Rogers 5880
with a thickness of 1.5 mm. A 50 Q microstrip feedline was
printed on the bottom layer of the substrate to energize the
slot. The DRA was simulated using the CST software. Figure
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Figure 8. Configuration of the slot-coupled cylindrical DRA (unit:
millimeter): (a) top view and (b) bottom view. (c) Simulated and
experimental S;; of the proposed DRA with the changing of
frequency. Simulated (d) magnetic and (e) electric field distributions
of the proposed DRA at 10.19 GHz. Simulated radiation pattern of
the DRA at 10.19 GHz: (f) E plane and (g) H plane.

8c displays the simulated and experimental S;; of the DRA.
The experimental and simulated resonance frequencies of the
DRA are given by 10.04 and 10.19 GHz, respectively. For the
bandwidth, the experimental and simulation values are 660 and
400 MHz (S;; < —10 dB), respectively. Thus, the central
frequency of the simulation exhibits an extremely great
agreement with the experimental result. With the intention
of revealing the physical mechanism of the proposed DRA, the
simulated magnetic- and electric-field distributions were
examined at a frequency of 10.19 GHz (as presented in Figure
8d,e). It can be observed from Figure 8d that the magnetic
field distribution displays an ellipse-like shape, which is caused
by the electromagnetic wave oscillation between the microstrip
line and the ground plane along the z axis.”” In addition, Figure
8e shows the simulated electric field distribution, from which it
can be seen that the displacement current in the proposed
DRA was horizontal. It shows that the slot-coupled feeding
method can excite the HEM,;5 resonance mode. The
simulated radiation patterns are displayed in Figure 8f,g. As
shown, the cross-polarized fields are weaker than the co-
polarized ones by more than 20 dB in the boresight direction
(6 = 0°), indicating that the cylindrical DRA has a good
polarization purity. In addition, the DRA has high radiation
efficiency (93%) at the resonance frequency (10.19 GHz) and
exhibits around 4.03 dBi maximum gain.

4. CONCLUSIONS

The phase transition and microwave dielectric properties of
LTCN, (0 < x < 0.4) were intensively researched. A phase
transition from the monoclinic phase to the cubic phase is

found to happen at x = 0.3. The substitution of (Cu, ;Nb, ;)*
for Ti*" proved to be effective in adjusting the TCF to near
zero while improving the Q X f value. Remarkably, superior
microwave dielectric properties with ¢, & 18.3, Q X f =~ 77,840
GHz, and TCF = +9.8 ppm/°C were achieved in the LTCN,,
ceramic sintered at 1140 °C. In addition, the 3 wt % H;BO;-
doped LTCN,, ceramic provides a number of favorable
features such as low sintering temperature (~860 °C), small
density (~3.44 g/cm®), and good chemical compatibility with
silver together with superior performances of e, & 21.0, Q X f
~ 51,940 GHz, and TCF = +1.4 ppm/°C, which endow it
broad application prospect in either SG mobile communication
devices and/or in LTCC technology. Furthermore, both the
prototype dielectric resonator antenna and patch antenna
designed by LTCN,, + 3 wt % H;BO; materials show good
performances. The DRA provides high simulated radiation
efficiency (~93%) and gain (~4.03 dBi) at the center
frequency (~10.19 GHz). The patch antenna provides high
simulated radiation efficiency (~88.4%) and gain (~4.1 dBi) at
the center frequency (~2.49 GHz), and it exhibits light weight
and low cost, which might find potential applications in the
BDS.
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